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ABSTRACT: This work presents a new technique to study
polymers under strong geometrical confinement in nano-
porous films. The procedure is based on sensing the changes
of the optical properties of the porous matrix due to polymer
imbibition into the pores by using optical interferometry. A
simple theoretical model is used to correlate the time-
dependent optical thickness of the film with the polymer
dynamics as a function of temperature. To test the method
applicability, the imbibition of ethyl vinyl acetate in porous
silicon membranes was studied. A large variation of the
polymer viscosity was measured by varying the temperature
from 20 to 110 °C. In addition, the confinement degree was
varied in about 2 orders of magnitude by using matrices with
different pore radius. A remarkable decrease in the viscosity was observed when the mean pore radius was reduced. Moreover,
the interferometric technique enables the study of very low molecular weight polymers as well as measuring along a wide range
of temperatures in a single nondestructive experiment.

■ INTRODUCTION

The behavior of polymers in nanoscale confinement is
currently of high interest in fundamental and applied sciences.
Several works studying typical process and characteristics of
polymers under strong geometrical constraints have been
reported, including crystallization,1−6 glass transition temper-
ature,7−9 mechanical properties,8,10,11 polymer dynamics,5,12,13

capillary flow,2,5,14−20 and effective viscosity,16,18,21−23 among
others. The outcome of this research is also promising for
applications in genetics and medicine. For example, the
confinement of DNA molecules allows a linear unscrolling of
the genome, which is desired for a simpler sequencing
analysis.24 In addition, it has been proven that a confined
polymer model can help to understand the chromosome
organization in elongated bacterial cells.25 The infiltration of
polymers in porous materials is also of interest for obtaining
nanocomposites, where porous matrices are used as templates
for molten polymers.26−30 Concerning the fundamentals, it has
been demonstrated that when forced to flow through
nanometer scale pores, polymeric fluids exhibit properties
different from those measured in bulk flow;2 nowadays, the
explanation of this fact is one of the major concerns in the field
of soft matter. Furthermore, the existing methods to
characterize bulk polymers are not always appropriate to
study polymeric fluids in small confinements.11

In this context, the present work describes an interferometric
technique to obtain rheological information about polymers
under nanoconfinement. It involves the measurement and

analysis of the imbibition dynamics of polymers in porous thin
films. As a representative example, the imbibition of poly-
(ethylene vinyl acetate) (EVA) into mesoporous silicon films
was studied. EVA is a well-known thermoplastic exhibiting the
typical behavior of polymeric fluids. We had previously
reported an optical technique based on laser interferometry
with submillisecond resolution to investigate the dynamics of
capillary-driven fluid imbibition in nanoporous substrates.31−33

The technique has been further improved, and here the
reflectance spectrum is used to instantaneously track the
infiltration of a polymer into porous silicon films, while
temperature is varied in a controlled fashion. A simple
theoretical model is then used to correlate the evolution of
the polymer front position to the effective polymer viscosity as
a function of temperature.
The paper is organized as follows. The section “Theory”

describes the procedure to extract the effective viscosity of the
confined polymer from the infiltration dynamics data. The
section “Methods and Materials” presents the porous silicon
fabrication method, characteristics of the materials used, and
the setup of the interferometric technique. The section
“Results and Discussion” displays the experimental results
together with discussions of the main findings. Finally, the
main conclusions are summarized.
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■ THEORY
Problem Statement. The proposed technique allows one

to assess the dynamics of polymer imbibition into the porous
structure; more precisely, the fluid front position as a function
of time can be obtained by recording of the light reflectance
variations during the imbibition process. The polymer fraction
inside the porous structure increases during the imbibition;
hence, the effective refractive index neff of the composite leads
to a continuous shift of the reflectance peaks to larger
wavelengths. The light reflectance variation stops when the
refractive index (RI) reaches a constant value, i.e., when the
porous layer is fully infiltrated with polymer. The product of
neff by the film thickness is defined as the optical thickness eop.
At certain infiltration length x (see Figure 1b), the total optical

thickness of the partially infiltrated membrane of thickness L
can be calculated as the sum of partial contributions, i.e., eop(x)
= nemp(L − x) + ninfx, where nemp and ninf are the effective RI of
the empty and infiltrated membrane, respectively. In particular,
the normalized variation of the optical thickness, defined as

e x( )
e x e

e L eop
( ) (0)

( ) (0)
op op

op op
Δ ≡

−
− , provides the simple result e x( ) x

LopΔ = .

In this system, three interfaces contribute to the reflection of
light (indicated as A, B, and C in Figure 1b). However,
interface B, formed by the fluid front in the porous membrane,
reflects a negligible intensity because the refractive index
contrast is smaller than in the other two.31,32 According to this,
the reflectance will be dominated by the interference of the
reflected beams at the porous membrane interfaces (A and C).
In this case, the reflectance will show a maximum or a
minimum when the phase shift between the reflected beams is
a multiple of π, that is, when the optical thickness eop is a
multiple of λ/4 (a quarter of the wavelength of light).31,32 This
means that the wavelength at any particular extreme position in
the reflectance spectrum (λe) is proportional to the membrane
optical thickness at each time. Then, we can use the relative

variation of λe to obtain the normalized fluid front position at
each time, namely
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t

t
x t

L
( )

( ) (0)
( ) (0)

( )

e
e

e e

e fill
λ

λ λ
λ λ

Δ ≡
−
−

=
(1)

where λe(0) and λe(tfill) are the wavelength at a particular
extreme position at the beginning and at the end of the
imbibition process, respectively. In this way, tracking the
position of the extremes in the reflectance spectrum can be
used to measure the evolution of the fluid front position inside
the porous membrane. In addition, noise reduction can be
achieved by averaging the position of multiple extreme
positions.
An alternative way to obtain the optical thickness evolution

of the porous silicon layer during the imbibition process is by
using reflectometric interference Fourier transform spectros-
copy (RIFTS).34 Here, the Fourier transform is computed
from the reflectance data in the frequency domain, and the
peak position obtained at each time corresponds to the
instantaneous optical thickness of the porous silicon film. In
this work we use both methods to measure the fluid front
position, obtaining identical results in both cases.

Fluid Dynamic Model. The capillary filling of polymeric
liquids in nanopore matrices is commonly described by using
the Lucas−Washburn (LW) equation.5,7,17−20,22,23 Here we
use a modified version of that model31

x t
r

t( )
cos

2
h

2
γ θ

ητ
=

⟨ ⟩
(2)

where the proportionality factor between the liquid front
position x and the square root of time t includes physical
parameters of the fluid (surface tension γ, contact angle θ, and
viscosity η) and parameters related to the morphology of the
porous structure (the tortuosity, τ, and the mean hydraulic
radius, ⟨rh⟩). The hydraulic radius is defined as 2A/P, where A
is the cross-sectional area and P is the perimeter of the pore,
and the average is weighted by the cross-sectional area.31 The
tortuosity takes into account the orientation of the pores in the
disordered structure and is defined as τ = xeff/x, where xeff is
the actual distance traveled by the fluid in the pore space and x
is the straight distance measured along the flow direction. In
addition, one may define the filling time tfill = t(x = L) as the
time taken by the polymer to fully infiltrate the porous silicon
membrane.
Combining eq 2 and eq 1 yields

teλ βΔ = (3)

where β is defined as

L
r1 cos
2
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The time derivative of eq 3 is
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d
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Considering that Δλe = 1 at the filling time (see eq 1), then tfill
= 1/β2, and including β from eq 5, we obtain
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Figure 1. (a) Scheme of the experimental setup used for the
interferometric measurements. The porous silicon membrane is
placed onto the temperature-controlled plate with the polymer film
on its upper surface. (b) Scheme of the polymeric fluid front position
x in a porous silicon film of thickness L. A, B, and C are the three
interfaces contributing to light reflection. (c) SEM images of top and
side views of a porous silicon film with 20 nm pore mean hydraulic
radius.
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where ϕ = γ cos θ/η is a parameter involving fluid properties.
Despite a factor 2, ϕ was defined by Washburn as the
penetrativity of a given liquid,35 which has velocity units.
The imbibition process was performed in two different ways:

at constant temperature and with a linear increase of
temperature. In the first case, the direct measurement of the
filling time can be used to obtain ϕ at that temperature,
provided the other parameters are known. When a linear
increase of temperature is used, the instantaneous value of Δλe
(and its time derivative) can be used in eq 6 to obtain ϕ(T) at
each temperature T. In this case, tfill(T) represents the time
taken by the polymer to fill the porous layer in an assay made
at the temperature T. In fact, measurements at constant
temperature were used to experimentally validate eq 6, as
discussed later. In this way, the properties of the fluid can be
measured for a wide range of temperatures in a single
experiment.
Calibration of the Porous Silicon Structure. To obtain

ϕ(T) from the eq 6, it is necessary to measure the factor
related to the membrane morphology (2L2τ2/⟨rh⟩). This
structural term can be independently quantified by using a
calibration fluid, i.e., a fluid of known parameter ϕcf, at a given
temperature. The chosen calibration fluid was glycerol
(>99.5%), mainly due to its relatively high viscosity, which is
desired to measure large enough filling times. Once the filling
time of the calibration fluid tfill

cf is known, the polymer
parameter, ϕpol, can be obtained as follows

L

L
t
tpol cf

pol
2

cf
2

fill
cf

fill
polϕ ϕ=

(7)

where tfill
pol is the corresponding filling time for the polymer

imbibition. The calibration measurements were performed at
20 °C in porous silicon films of thickness Lcf = 15μm (3 times
larger than membrane thickness used in EVA measurements,
Lpol). This allowed a more accurate determination of tfill

cf due to
the very fast imbibition of glycerol in thin porous silicon
membranes.

■ METHODS AND MATERIALS
Porous Silicon Membranes. The mesoporous silicon mem-

branes were made by electrochemical anodization of crystalline
silicon, p-type, boron dopant, orientation [100], and resistivity 1−5
mΩ·cm, provided by Topsil Semiconductor Materials SA, USA. The
silicon acts as the anode of an electrochemical cell, where the
electrolyte is a solution of fluorhydric acid and ethanol (1 HF(50%):2
EtOH). The porosity and mean pore size of the membranes are
defined by the current density used during anodization, whereas the
anodization time defines the thickness of the films. Ten different
values of current densities were used, ranging from 12 to 118 mA/
cm2, which gave porosities between 50% and 90% and mean radius
between 1 and 70 nm approximately. For more details of the
membrane characterization see the Supporting Information (Figure
S2).
Thermoplastic Polymer Films. The polymer used to infiltrate

the pores was ethyl vinyl acetate copolymer (EVA) with 28 wt % vinyl
acetate comonomer content, Elvax 260 from Dupont. The polymer
density at 23 °C is ρ = 955 kg/m3, and the melt flow rate (190 °C/
2.16 kg) is 6 g/10 min. The molecular weight distribution of the EVA
samples was done by gel permeation chromatography (GPC) using a
Viscotek 3500A HT instrument with refractive index, viscosity, and
ligth scattering detectors. The polymer was dissolved in trichlor-
obenzene, and measurement was performed at 145 °C. The samples
were eluted through two PLGel Mixed-A 20 μm columns (Polymer
Laboratories). Calibration was done using polystyrene. Results

indicate that the commercial polymer tested has a broad monomodal
molecular weight distribution (as shown in Figure S10 of the
Supporting Information). The following distribution parameters were
obtained: number-average molecular weight, Mn = 19000 g/mol,
weight-average molecular weight Mw = 118000 g/mol, peak position
molecular weightMp = 41000 g/mol, polydispersity index D =Mw/Mn
= 6.2, and radius of gyration Rg = 22.13 nm.

A dynamic mechanical thermal analysis (DMTA) was used to
determine the complex bulk viscosity of the polymer as a function of
temperature. Measurements were performed at 10 rad/s (1.6 Hz)
under cooling and heating conditions on a shear rheometer (ARES)
with 6 mm parallel plates and a gap thickness of 1.173 mm. The strain
was varied between 2% and 0.01%, and the heating/cooling rate was 2
K/min. The measured curves of the storage and loss modulus (G′ and
G″, respectively) as well as the calculated complex viscosity can be
found in the Supporting Information (Figure S3). The complex
viscosity was calculated by the empirical Cox−Merz “rule”,36

G G( / ) ( / )2 2η ω ω* = ′ + ″ , which has been successfully employed
in many polymeric systems to describe the correspondence between
the steady shear viscosity as a function of shear rate and the
magnitude of the complex viscosity as a function of the angular
frequency. The complex bulk viscosity was also measured at a second
frequency (10 Hz) to analyze possible differences in the rehology of
the polymer due to its shear thinning behavior. A comparison
between the results at both frequencies is shown in Figure S4. As the
curves practically overlap, one can conclude that the polymer viscosity
is independent of the shear rate at these (and hence at lower)
frequencies.

The molecular weigth between entanglements (Me = 470 g/mol)
was determined from the relation G′ = ρRT/Me,

37 where R is the ideal
gas constant and T = 23 °C.

Polymer films were obtained by pressing a solid pellet (∼2 g)
between two glass slides and heating at 90 °C in an oven for 2 min;
thus, a film of ∼100 μm thickness was obtained. After cooling at room
temperature, one of the glass slides was separated to allow the
polymer films to come into contact with the porous silicon surface
(see Figure 1a).

The initial crystallinity Xc
0 of the films is around 4.5% and it was

determined from DSC measurements on a TA Instruments
differential scanning calorimeter (Q2000). It was calculated from
the enthalpy of fusion of the film (ΔHf = 12.5 J/g) and the enthalpy
of fusion of the perfect polyethylene crystal (ΔHf* = 277.1 J/g)38 as
Xc
0 = (ΔHf/ΔHf*) × 100%. This measurement can be found in Figure

S5.
Interferometric Technique. The experimental setup consists of a

UV−vis−NIR spectrometer (Ocean Optics HR4000) with an R400-
7-SR fiber-optic reflection probe and a temperature-controlled plate.
The porous silicon membrane is placed over the heater, and when a
thin layer of polymer is deposited on its surface, the measurement of
the reflectance spectra begins at regular intervals. A scheme of the
arrangement is presented in Figure 1a. The polymer film is placed
onto the porous silicon surface, and a slight pressure is made over the
attached glass slide. The optical fiber guides the light from the lamp to
the porous silicon membrane and collect the reflected light, taking it
back to the spectrometer. When the polymer begins to infiltrate into
the pores by capillary action, the reflectance peaks move to the right
as a consequence of the increase in neff. An example of this process is
shown in Figure S1b.

■ RESULTS AND DISCUSSION

Membranes Morphology Caracterization. The porosity
and optical thickness of the porous silicon membranes
(fabricated with different anodization current densities) were
estimated by fitting its reflectance spectra using the Looyenga−
Landau−Lifshitz (LLL) mixing rules39,40 for effective me-
diums. An almost linear relation between the current density
and porosity was obtained. A typical LLL fit and the obtained
current density−porosity curve can be found in Figures S1a
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and S2, respectively. Typical imbibition measurements of
membrane calibration are shown in Figure 2a. This figure

shows the filling dynamics of glycerol in porous silicon layers
of different porosities and 15 μm thickness. The symbols are
the experimental data, and the continuous lines are the fitting
curves with a model equation that takes into account the air
trapped in the pores.31 In the case of glycerol, the final fraction
of filled pores varies from 95% for the larger pores to 99% for
the smaller ones. This fraction is one of the free parameters
used in the fitting model showed in the Figure 2a. The
obtained values are in reasonable accordance to those expected
using the mean radius of the pores.31 See Figure S6 for the
results of glycerol imbibition in porous silicon membranes of
other porosities.
The good agreement between model and experiments leads

to conclude that the dynamics is consistent with a uniform
porous matrix, considering an hydraulic mean radius
representative of the porous structure; therefore, the deviations
from x ∝√t should emerge from the non-Newtonian behavior
of the polymeric fluids. As expected for a simple Newtonian
fluid like glycerol, the filling time decreases as the mean
hydraulic radius increases.
The mean hydraulic pore radius for each porosity was

obtained from eq 6 as ⟨rh⟩ = 2ϕcfτ
2/tfill, where tfill was

experimentally obtained from Figure 2a, whereas the values of
ϕcf = 0.037 m/s41−43 and τ ≃ 2.631 were taken from the
literature. Results are presented in Figure 2b, where it can be
seen that ⟨rh⟩ increases with porosity.
Polymer Imbibition. Temperature-Dependent Dynam-

ics. The reflectance spectra of the PS membranes were
recorded at regular time intervals during the imbibition of
EVA, and then the temporal evolution of a peak position was
used to calculate the normalized position of the fluid front (eq
1). Figure 3a shows the results obtained in porous silicon films

of 5 μm and 86% porosity (⟨rh⟩ = 66 nm) at different constant
temperatures. The imbibition rate increases with temperature
due to the corresponding reduction of polymer viscosity.
An estimation of the shear rate (γ̇) at the inner wall of the

pores is given by γ̇ = 4⟨v⟩/r, where ⟨v⟩ is the mean velocity of
the fluid front.44 As predicted by Lucas−Washburn dynamics,
the capillary imbibition exhibits a velocity proportional to the
pore radius, ⟨v⟩ = 2rγ cos θ/ηx. Therefore, in capillary driven
flows, the shear rate becomes independent of the pore radius.
This fact is also valid for non-Newtonian fluids, as
demonstrated in a previous paper.45 An estimation of γ̇ is
included in Figure S9 for the situation of Figure 3b. It was
found that γ̇ < 0.1 s−1 during the entire process. Because of any
dependence of γ̇ with the pore radius is expected, this value is
representative of all the experiments performed in this work.
Because of this, the γ̇ value is well below the frequencies in
which the complex viscosity of bulk EVA was tested (Figure
S4) and does not show evidence of other than Newtonian
behavior; it is concluded that the shear rate developed during
capillary imbibition into the pores corresponds also to the
range of Newtonian behavior. In other words, the shear-
thinning behavior of the bulk polymer is evident at higher
shear rates only and should not play a role in the effective
viscosity ηeff measured in our system.
On the other hand, in this case it is not expected that the air

compression at the pores ends be relevant given the long time
available to be evacuated. The small curvature at the end of the
filling process is associated with the front widening effect due
to pore size dispersion in the membrane.2

As mentioned before, also measurements with a linear
increase of temperature were performed. Figure 3b shows a
typical curve measured with a heating ramp of 2 °C/min
(inset). It is worth noting that since the crystalline silicon
substrate is relatively thin (500 μm) and its thermal diffusivity

Figure 2. (a) Square normalized position as a function of time for the
imbibition of glycerol in 15 μm thickness porous silicon films with
different porosities. Symbol are experimental data, and lines are the
fitting curves (see text for details). (b) Mean pore hydraulic radius
⟨rh⟩ of porous silicon membranes as a function of the porosity
obtained from eq 6 by using tfill data of glycerol from the fitting curves
in (a).

Figure 3. Imbibition dynamics of EVA in porous silicon films of ⟨rh⟩
= 66 nm and 5 μm thickness. (a) Square normalized fluid front
position as a function of time for different fixed temperatures and
linear fit in the first 80% of the filling fraction for all measured
temperatures (mean R2 = 0.995). (b) Normalized fluid front position
as a function of temperature obtained by applying a heating ramp of 2
°C/min (inset).
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is rather high (0.8 cm2/s), one may certainly assume that the
temperature at the porous silicon film is that set at the heating
plate.
As it was previously defined, tfill corresponds to the time at

which the optical thickness reaches its maximum value. Using
the experimental values of tfill (obtained from Figure 3a) and
knowing the calibration parameters, ϕEVA was calculated for
each temperature from eq 7. Besides, assuming that the
Lucas−Washburn dynamics is (intantaneously) satisfied at
each time during the imbibition, ϕEVA as a function of
temperature was also obtained from eq 6 by using the
continuous curve reported in Figure 3b. Both results are
compared in Figure 4, where a remarkable agreement is
observed. This result demonstrates the accuracy of assuming
Lucas−Washburn dynamics for the imbibition with a linear
increase of temperature.

In Figure 4, a marked increase of ϕEVA with temperature is
observed. Because the surface tension is not expected to
change appreciably46 and the measured contact angle θ is
almost constant (see Figure S7), this behavior can be
interpreted as a strong decrease of the effective viscosity with
temperature. The linear behavior in this semilog plot is typical
of thermally activated, Arrhenius-like processes.47

Effective Viscosity under Confinement. To analyze the
effect of confinement on the polymer rheology, measurements
of ϕEVA as a function of temperature were performed in porous
silicon films with different mean pore radii. Typical curves
presented in Figure 5 shows that ϕEVA decreases more than 2
orders of magnitude when ⟨rh⟩ increases from about 1 to 66
nm. These results are in agreement with previous reports on
similar systems, where a decrease of the effective viscosity is
measured in strong confined polymers.14,16,18 In addition, to
make a comparison with the properties of the polymer in bulk
conditions, the value of ϕEVA

bulk was calculated using the
measured complex viscosity and contact angle (see Figures
S4 and S7) and surface tension value obtained from the
literature.46

Because it is known that pressure can impact the dynamics
of EVA due to the increase in the crystalline component,48 we
estimate the capillary pressure in the membranes, which is
maximum in the smallests pores. Taking into account our
values of Xc

0 and pressure, it may inferred that the potential
pressure-induced increase in crystallinity has a negligible
impact on the dynamics of imbibition reported here.

It is known that certain properties of polymers under
confinement can be affected by the oligomers content in the
sample.49 In this work a commercial polymer having a broad
monomodal molecular weight distribution is studied (poly-
dispersity index 6.2). However, we assumed that in the analysis
of the parameter ϕEVA this fact is not relevant when comparing
the results with the theoretical bulk parameter value (ϕEVA

bulk).
Zhang et al. have shown that polymer chains having different
sizes in the melt state (without solvent) can be fractionated via
the imbibition in nanopores50 and attribute this fact to the
presence of two different wetting mechanisms: complete and
partial wetting. The prevalence of one or another is given by
the wetting transition temperature (Tw), at which the contact
angle of the polymer is zero, θ(Tw) = 0°. Partial wetting occurs
when T < Tw is satisfied; this situation corresponds to the
classical capillary imbibition with the presence of a polymeric
meniscus. On the other hand, complete wetting occurs when T
> Tw. In this case a polymeric precursor film is formed in the
pore walls. The latter process is considerably faster than the
classical capillary imbibition.50 As the wetting temperature is a
function of the polymer molecular weight, Tw(Mw), it is
possible that for a given temperature a polymer melt
containing chains of several sizes be fractionated, where the
smaller molecules are fractionated first. This fact has been
reported for bimodal molecular weight distributions in alumina
nanopores.19,50 In this work, the parameter ϕEVA is analyzed in
a temperature range in which θ ∼ 51°. Additionally, as
previously mentioned, it is not expected a considerably
variation of this value in the tested temperatures. Because
the EVA contact angle is relatively large, it can be certainly
assumed the prevalence of the partial wetting regime in the
presented experiments, and hence a fractioning of the polymer
is not expected.
To better visualize the confinement effect, ϕEVA was plotted

as a function of the confinement degree Rg/⟨rh⟩ at different
temperatures in Figure 6a. Here Rg ≈ 22 nm is the radius of
gyration of the polymer. Despite an apparent minimum around
Rg/⟨rh⟩ = 0.5 for the lower temperatures, all the ϕEVA curves in
Figure 6a shows a similar behavior: the filling velocity increases
with the confinement. It is worth to highlight that in the results
shown in Figures 5 and 6, no assumption has been made about
the effect of confinement in surface tension and contact angle.
If these parameters change with respect their bulk values, as
the viscosity does, then this effect is already comprised in the
reported values of ϕEVA.

Figure 4. Parameter ϕEVA as a function of temperature in a porous
silicon membrane of 86% porosity. Black barred circles correspond to
measured values at constant temperature (Figure 3a) while red and
blue points were obtained by using a temperature ramp of 2 °C/min
(Figure 3b).

Figure 5. Parameter ϕEVA as a function of temperature for different
mean pore radii. The polymer parameter ϕEVA

bulk in bulk conditions is
also included as a dashed line.
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Provided that the values of γ and θ under strong
confinement are similar to those in the bulk, as it is usually
assumed in the literature,17,18,22,23 one may write ϕbulk/ϕEVA =
ηeff/η0, where η0 is the bulk complex viscosity. This ratio as a
function of Rg/⟨rh⟩ is shown in Figure 6b.
The effect of considering the static contact angle (θe)

instead the dynamic contact angle (θd), which depends on the
velocity of the three-phase contact line, was analyzed by Yao et
al.18 and Cao et al.17 in their works about the imbibition of
poly(ethylene oxide) and polyethylene melts in nanoporous
alumina, respectively. Both authors reported that the differ-
ences found between the imbibition dynamics in the confined
state and the predicted LW dynamics for the bulk are
considerably larger than the differences expected from the
consideration of one or another contact angle (θe or θd). On
the other hand, Hor et al.22 reported that the effective viscosity
of poly(styrene) and poly(2-vinylpyridine) confined in a dense
packing of silica nanoparticles is robust across a range of
estimated θ and γ(T) parameters. To corroborate this
assumption, a sensitivity test of ϕbulk with respect to the
contact angle and the surface tension values was performed by
testing two additional extremes contact angles (45° and 55°)
besides the reported mean value and considering other fitting
relations in calculating the polymer surface tension.46 This
analysis is presented in Figure S8.
The results showing a strong decrease in the effective

viscosity with the increase in the confinement degree can be
explained by a mechanism based on the reptation model,
proposed by Johner et al.15 In this context, material transport is

driven by a pressure gradient across a network of constraints
(entanglements), mainly due by the reptation of free polymer
chains. On the other hand, Yao et al. developed a unified
theory to account for their experimental results about the
opposite trends exhibited by the effective viscosity of
poly(ethylene oxide) melts as a function of the molecular
weight.18−20 They have shown, by theory and experiments,
that the reptation mechanism becomes dominant at a certain
degree of confinement (Rg ≫ r) and that the effective viscosity
follows the relation ηeff ∝ N, instead the common relation η ∝
N3 for bulk polymer viscosity (N being the number of
monomers in a polymeric chain). In other words, the reptation
of polymer chains under strong confinement enhances the
mobility of confined chains, leading to faster imbibition
process.15,20 Our experimental results agree with this
mechanism, where the decrease in effective viscosity becomes
more noticeable when Rg/⟨rh⟩ > 1, for all the tested
temperatures.

Thermal Transitions under Confinement. In Figure 5, a
change of the slope is observed around the bulk EVA melting
point (75 °C; see Figure S5). Even though the tendency of this
characteristic temperature with the confinement is not well-
defined, the results suggests that the interferometric technique
could be also useful to characterize phase transitions in
polymers. Other authors had reported a decrease in the
melting point due to the confinement effects.6,51 This fact may
be related to the decrease in the degree of crystallinity when
the polymer is geometrically confined.52,53

■ CONCLUSIONS

The technique presented in this work enables the determi-
nation of the capillary filling dynamics of a polymeric fluid in a
porous structure by means of interferometric measurements.
Because of the high spatial resolution inherent to the
technique, measurements range from relatively high imbibition
velocities, limited only by the acquisition time of the spectra (a
few milliseconds), to very slow speeds, limited only by the
duration of the experiment (hours). This allows one to
measure the capillary filling of simple liquids such as glycerol as
well as polymeric liquids with viscosities 5 orders of magnitude
higher. In addition, this range can be further extended by using
membranes of different thickness, depending on the effective
viscosity of the fluid. It is worth noting that other than porous
silicon structures can be employed, expanding the application
area to the analysis of several pore geometries and polymer−
substrate interactions. On the other hand, measuring the
relative position of the fluid front (and its time derivative)
enables instant measurement of fluid properties. In addition, a
continuous variation of the temperature permit to explore the
behavior of the fluid over a wide range of temperatures in a
single experiment. This advantage of the technique also
permits to determine the effect of confinement on phase
transitions such as the polymer melting point in a wide range
of viscosities and hence over polymers with very different
molecular weights.
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Figure 6. (a) Parameter ϕEVA as a function of the confinement degree
Rg/⟨rh⟩ for different temperatures. (b) Ratio of the effective to bulk
viscosity ηeff/η0 as a function of Rg/⟨rh⟩ for different temperatures,
assuming that the surface tension and the contact angle do not change
considerably in the confined state.
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